Enhanced engine operation-operation that is beyond normal limits-has the potential to improve the adaptability and safety of aircraft in emergency situations. Intelligent use of enhanced engine operation to improve the handling qualities of the aircraft requires sophisticated risk estimation techniques and a risk management system that spans the flight and propulsion controllers. In this paper, an architecture that weighs the risks of the emergency and of possible engine performance enhancements to reduce overall risk to the aircraft is described. Two examples of emergency situations are presented to demonstrate the interaction between the flight and propulsion controllers to facilitate the enhanced operation.
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Introduction
In emergency situations, aircraft engines can be used as actuators to improve the capability and controllability of the aircraft. There are several examples of pilots using this technique in an attempt to recover and land a severely impaired aircraft. In 1972, an American Airlines DC-10 landed safely in Detroit after suffering damage that resulted in a stuck, offset rudder as well as partial elevator loss; 1 the pilot used asymmetric thrust to maintain heading. 2 In the 1985 JAL 123 accident, the Boeing 747 lost all hydraulics as well as suffering severe vertical tail loss, which excited the dutch roll (coupled yaw and roll oscillations) and phugoid (long period pitch oscillations) modes. The pilots used asymmetric thrust to regain limited directional control but ultimately failed to recover and crashed with tremendous loss of life. 3 In the 1989 DC-10 accident in Sioux City, Iowa, the plane lost hydraulic power to all flight control surfaces, and there was some tail damage. Here, the phugoid was much more of a problem than the dutch roll, and the crew was able to maintain enough control through modulation of engine thrust to crash land the aircraft and save a majority of the passengers. 4 In 2003, a DHL cargo plane climbing out of Baghdad was hit by a missile, causing loss of all hydraulics and wing damage. The pilots were able to successfully return to the airport and land using only the throttles to control the aircraft.
In the aftermath of the Sioux City accident, NASA began investigating the use of throttles-only flight control. Several airframe configurations were studied, and it was found that the severity of the dutch roll and phugoid modes depends on multiple factors, but in general the engine response is too sluggish to be used to damp out the dutch roll, and the administration of thrust pulses to damp dutch roll may actually exacerbate it. 5 As the above examples demonstrate, use of the engines to modulate the aircraft's dynamic behavior can improve the chance of survival in an emergency; however, the engine response may need to be improved to fully realize this benefit.
In this paper we consider two specific emergency scenarios: vertical tail damage and runway incursion. Damage to the vertical tail can be detrimental in two ways. First, a reduction in the area of the vertical tail will reduce the directional stability of the aircraft. Second, if the rudder is disabled, the main control surface used for active yaw damping is lost. In the event of vertical tail damage, the dutch roll mode, which involves coupled yaw and roll oscillations, becomes much harder to control and in the worst case may be unstable. The dutch roll is often the least stable lateral-directional mode, and many planes rely on an automatic yaw damper to keep it manageable. One way to help recover directional stability is to use differential engine thrust to produce yawing moments. However, flight tests and simulator studies have shown that landing a plane safely using only engine thrust is extremely difficult, in part because engine response times, which are on the order of seconds, are much slower than conventional flight control surfaces. 6 This is problematic because the dutch roll period is also on the order of seconds. For this reason, controlling the dutch roll with engine thrust is difficult and can even be counterproductive, possibly resulting in pilot induced oscillations that exacerbate the situation. 6 Engine response time to a throttle input can be improved by modifying the engine controller. Such a modification carries risk, however, because it might cause a compressor stall. A throttle transient produces a temporary drop in compressor stall margin, and the amount of this drop increases (i.e., the stall margin is further reduced) if the acceleration of the engine is increased to improve response time. The stall margin cannot be directly measured, but in normal operation engine acceleration is conservatively limited to provide positive stall margin even in worst-case circumstances (end-of-life engine, high inlet distortion, etc.). If the engine acceleration is pushed faster than normal, the risk of compressor stall increases.
The second emergency scenario we consider is runway incursion. Several serious accidents or nearaccidents have resulted when pilots mistakenly attempted to take off on a runway that is too short or when an obstacle was present on the runway during takeoff. 7, 8 The ability to command more than the nominal maximum thrust (overthrust) in emergencies, pushing the engines beyond their normal safety limits, might enable pilots to avert such disasters by shortening the runway distance required for takeoff.
In this paper we present an architecture for an on-line intelligent system for managing multiple sources of risk to an aircraft. The structure proposed is a general one that is able to balance the risk of exceeding engine limits with the risk of the emergency situation. Examples of the risk management architecture's application to both the vertical tail damage case and the runway incursion case are presented. Finally the challenges that future work presents are discussed.
Risk Management Architecture
The risk management architecture 9 shown in Figure 1 consists of the flight and propulsion control systems and the interactions between them. Components of the architecture compute the risk to the engine of operating in an enhanced control mode, and in conjunction with the flight control, determine which propulsion control mode to implement based on the type of emergency and the severity of the situation. Looking at Figure 1 , the Engine Operability Risk Models block estimates the increased risk due to engine stall to achieve a faster-than-normal engine response; this enhanced propulsion control mode can be used for yaw control. The Engine Life Prognosis Models block estimates the increased risk of engine failure due to operating the engine beyond its normal maximum for a given time; this enhanced propulsion control mode can be used to provide additional thrust to avoid an object on the runway.
Balancing Risks
During an emergency situation it may be acceptable to assume a reasonable additional risk of engine failure in order to safely land or control the distressed aircraft. The question is how to balance the risk that enhanced operation poses to the engine against the risk that the emergency situation poses to the plane. The goal is to maximize the probability that the plane is able to land safely.
The two risks (to the engine and to the aircraft) are modeled as independent probabilities and combined to get a total probability of failure for the mission. Only two outcomes are recognized for the engine: it will either perform as desired or not. Aggressive use will significantly increase the probability of damage or stall; in either case, the engine will not be able to fulfill its mission. Even if the engine suffers a relatively mild, recoverable compressor stall, its unavailability at a critical moment could be disastrous. Therefore, the engine risk is modeled as a continuous function valued from essentially zero for normal operation up to one for extremely aggressive operation, representing the probability that the engine will not be able to perform as desired. That is, as the desired performance becomes more demanding, the probability of failure increases.
The situational risk is a continuous function based on a model of airframe recovery and landing, representing the likelihood that the passengers can be saved given the situation and an assumed engine performance. After the Sioux City accident, the National Transportation Safety Board conducted simulator studies and concluded that the crippled aircraft "could not have been successfully landed on a runway with the loss of all hydraulic flight controls," and that "under the circumstances the UAL flight crew performance … greatly exceeded reasonable expectations." 4 This underscores that a spectrum of success can be identified. The probability of achieving some level of success depends on many factors including the level of uncertainty in the pilot's awareness of the situation, variation in pilot skill, and weather conditions; the combination of these enables the situational risk to be defined. In the presence of these competing risks, the optimal action is the engine response that results in the highest probability of overall success. The probability of success is the probability that the engine does not fail multiplied by the probability that the plane lands relatively safely. The total probability of failure should be minimized. If risk is the probability of failure (1 minus the probability of success), then the quantitative relationship between engine risk, R engine , situational risk, R situation , and total risk, R total , is defined as follows.
Both of these are functions of the capability of the engine: engine risk is higher when the engine is pushed to respond faster, but situational risk is lower because the plane can better respond to the emergency. This inverse relationship is shown in Figure 2 . Combining the two sources of risk in this way gives the overall risk to the plane as a function of the capability of the engine, which can be used to determine the optimal level of enhancement to request from the engine.
Casting the problem of balancing risk as a minimization problem is useful because it is a simple process that is straightforward to generalize. For instance, consider a plane that has four engines and each has a different risk model. In this case, the problem is to decide on the appropriate enhancement commands to send to each of the engines. The situational risk model will take as inputs the capabilities of each of the four engines. The overall problem becomes the minimization of the total risk on the multidimensional domain of all possible engine enhancement configurations.
Risk Communication Model
The process of risk estimation and minimization is accomplished via cooperation between the engine controller and the flight controller. The engine controller possesses a risk model that gives the relationship between engine risk and engine capability. The flight controller possesses a risk model that gives the relationship between situational risk and engine capability. Since the propulsion system is being used as a flight control actuator, the flight controller is the one "in charge." In appropriate emergency situations, the flight controller initiates a process in which it queries the engine controller to obtain the engine risk vs. capability model and combines that with its situational risk model to determine the optimal level of engine enhancement. It then delivers the enhancement command to the engine controller, which implements the enhancement. This process might run once or repeatedly, depending on the nature of the emergency and changing circumstances. The relationships between the three risks and engine capability are shown in Figure 2. 
Engine Risk
Knowledge of the relationship between engine risk and engine performance is necessary to minimize the total risk. Such a relationship is very complex as it relies on many variables including operating conditions, size of throttle transients, and engine degradation. For the overthrust case, using the engine beyond its designed maximum speed and temperature can severely shorten its life, and it significantly increases the risk of turbine blade liberation or disk burst. For fast response, the engine has a greatly increased likelihood of stalling. The controller is designed to maintain engine operation within bounds so that, under normal circumstances, the engine life and operability are predictable and safe. Once these bounds are exceeded through the use of an enhanced operation mode, there is greater uncertainty, and the risk is significantly increased. Any failure that prevents the engine from performing as desired can be catastrophic in an emergency. 10 
2.4
Situational Risk
Vertical Tail Damage
Damage to the vertical tail has a significant impact on the aircraft's ability to damp out dutch roll. This has the effect of driving the flight dynamics toward instability, making the plane potentially much harder to land. We estimate a quantitative probability that a plane can land safely based on observed relationships between Cooper-Harper ratings of flying qualities 11 and objective quantitative information about the handling of the aircraft. Several studies have investigated the effect of the natural frequency and damping ratio of the dutch roll oscillation on flying qualities ratings. 12, 13, 14 They have found useful correlations between Cooper-Harper ratings and the damping ratio, natural frequency, and roll-to-sideslip ratio of the dutch roll. These studies provide a basis for an automatic quantitative assessment of the risk of landing in a given aircraft configuration. Any analysis of the controllability of the aircraft makes an assumption about the vehicle's dynamic behavior, which is influenced by not only the damage, the extent of which might not be known, but the flight condition.
We construct an example of an automatic risk assessment of the dutch roll oscillation based on flying qualities specifications for military aircraft, found in the handbook MIL-HDBK-1797. This document sets three minimum requirements: one on the natural frequency, one on the damping ratio, and one on the product of the two, which can be modified depending on the roll-to-sideslip ratio of the oscillation. 15 Additionally, MIL-HDBK-1797 specifies three "levels" of flying qualities: Level 1, "satisfactory," Level 2, "acceptable," and Level 3, "controllable." Level 3 is "not necessarily defined as safe." It is assumed that an aircraft that satisfies the military Level 2 requirements for the dutch roll will be safe to land. This gives a region in the parameter space of flying qualities that carries 0% risk. On the other hand, it is assumed that an aircraft with a dutch roll natural frequency of zero or damping ratio of zero cannot be landed safely. The dutch roll natural frequency is related to the sideforce due to the sideslip term. A dutch roll natural frequency of zero would represent an aircraft with no tendency to automatically correct sideslips, and so it would be very difficult to maintain heading accurately enough to land. Zero damping would mean that dutch roll oscillations, once excited, would have no natural tendency to decrease with time, and these constant oscillations would again make landing very difficult. A negative damping ratio would be even worse, corresponding to exponentially growing oscillations. This region in the parameter space carries 100% risk.
In the region between 0% and 100% risk, interpolation is used to estimate the risk for marginal configurations. Denoting dutch roll damping ratio by ζ and natural frequency (in rad/s) by ω, the interpolation is defined piecewise in the ζ-ω plane. The risk interpolation function is defined piecewise on three regions, corresponding to the three minimum requirements. Risk is represented as a probability of mission failure between 0 and 1. The risk estimation function is given below.
The military requirements for Level 2 flying qualities are ζ ≥ A and ω ≥ B and ζω ≥ C with the values A = 0.02, B = 0.4, C = 0.05 for a transport aircraft with sufficiently low dutch roll roll-tosideslip ratio in the landing phase of flight. In terms of these values, risk is estimated in various numbered regions of the ζ-ω plane (shown in Figure 3 ) as follows:
Region 1: For ζ ≥ A and ω ≥ B and ζω ≥ C risk = 0 Region 2: For ζ ≤ 0 risk = 1 and the interpolation between these regions, when neither of the above apply, is given by: Figure 3 , and a color plot of the risk function is shown in Figure 4 . 
Runway Incursion
One way to potentially avoid disaster in a runway incursion is to reduce the takeoff distance, lifting the plane over the obstacle. The distance needed for takeoff can be calculated as a function of engine thrust as well as aircraft weight, ambient conditions, and other factors. In theory, if the distance and height of an obstacle on the runway is known (via a dedicated ranging sensor), the thrust needed to clear the obstacle can be computed. In reality, there will be uncertainty in the takeoff model and its parameters, so the probability of clearing the obstacle as a function of nominal thrust should be calculated. This gives the situational risk as a function of engine capability, which is what is needed to determine the optimal level of engine enhancement.
The risk estimator also needs to be aware of the uncertainty of its takeoff model and its sensor data. For example, if the takeoff model calculates that the plane should clear the obstacle by fifteen feet, the risk estimator must know whether that represents relative safety or a dangerous risk, perhaps as a function of the variance of the estimate, in order to decide how much engine risk to take on. A straightforward way to do this would be to experimentally determine the uncertainty in each input to the takeoff model, and in the model itself. Then, add up all the uncertainties statistically to determine the range of likely takeoff trajectories and thus determine the probability that the plane will clear the obstacle.
As an example of this idea, Figure 5 and Figure 6 show the output of a simple randomized takeoff simulation. Many trials were simulated in which engine thrust and takeoff weight were random variables with normal distributions, each with a standard deviation of 1%. An obstacle was located a certain distance down the runway, and the takeoff trajectory had to achieve a certain height at that distance in order to clear the obstacle. In this scenario, 3.2% of the takeoff trajectories would have failed to clear the obstacle as shown in Figure 6 . This shows how risk can arise from uncertainties in model inputs. 
Proof of Concept
These examples of situational risk models were incorporated into a simulation of the proposed interaction between the flight controller and the propulsion controller. The Commercial Modular Aero-Propulsion System Simulation 40k (C-MAPSS40k) 16 turbofan engine simulation was used to represent the propulsion system. It was integrated with an estimator of the risk of implementing different levels of enhanced engine operation. 17 This setup was used to evaluate the vertical tail damage and runway incursion scenarios within the proposed Risk Management Architecture.
Vertical Tail Damage
In our proof of concept, a lateral-directional flight dynamics simulation, which takes into account vertical tail damage and the response characteristics of the engine, computes the aircraft dynamic response. The output of the simulations is the closed-loop dutch roll natural frequency and damping ratio achievable with differential thrust, given the natural frequency and damping ratio of the engine. In this way, the flight controller can estimate situational risk as a function of the capability of the engine. A sample engine risk model relates engine response time to engine risk. A simple flight controller then takes vertical tail damage as an input and uses the situational risk and engine risk models to determine the optimal level of engine risk. Figure 7 and Figure 8 show the results of a simulation in which 45% of the tail's effective area is missing. The selected engine response is an input to the lateral-directional flight dynamics model, and the outputs of this are used to compute the situational and total risks at each level of engine risk. In this example, the optimal level of engine risk is found to be 15%. 
Runway Incursion
The runway incursion risk estimation was integrated with the C-MAPSS40k overthrust engine risk estimator to produce an example of a complete risk management system for runway incursion. A maximum thrust level can be determined for C-MAPSS40k for a given engine risk level and flight condition, shown in Figure 9 . 17 Figure 10 shows the process of risk minimization for a takeoff situation in which overthrust can help lift the plane over an obstacle. Situational risk is calculated for a sample runway incursion situation as described above (see Figure 6 ). Again, we assumed a standard deviation of 1% in both thrust and takeoff weight. For this particular situation, 15% engine risk is calculated to give a greater than 95% chance of clearing the obstacle (situational risk) and minimizes the overall risk to the plane, as shown in Figure 10 . Figure 6 . Total risk is minimized at 15% engine risk.
Challenges in Risk Management
The situations described in the examples are extremely uncommon, and even when they do occur the circumstances are often unique. Thus the approaches taken in this research to mitigate these emergencies must be broad enough to encompass a variety of similar cases. This leads to the problem of properly determining the situational risk in a way that is valid and meaningful, as well as general enough to capture the range of events that would fall into the categories addressed by these propulsion control enhancements. These are whole areas of research themselves, and our work can only acknowledge the shortcomings of the available data for these purposes.
Preliminary risk estimators are presented here to illustrate the idea of the risk management system and are intended only as examples. More work is needed to improve the accuracy of automated risk estimation. For instance, military flying qualities specifications and the studies on which they are based are not ideal as a source for estimating the risk of landing with a given combination of flying qualities parameters; here they serve only as a basis for a first approximation. The purpose of these studies was twofold: to find the combinations that give the best flying qualities and to determine the boundaries of what qualities are acceptable for routine flights. Previous studies have not spent much time investigating the regions of parameter space in which failure to land safely is at all probable. In contrast we consider more extreme and desperate situations, with a view to obtaining an estimate of the chance that a plane will be landed safely when the flying qualities are severely degraded from what is normally acceptable. In the absence of research dedicated to this topic, we have used the safety specifications determined from these studies to obtain an approximate boundary of the region of parameter space that carries very low risk.
The feasibility of implementing a system like the one described here would be determined by the ability to build a risk estimator that is accurate and fast enough to make the right tradeoffs between engine risk and situational risk. Data for situational risk estimation from degraded flying qualities could likely be collected in simulator studies. Similar kinds of studies have been conducted in investigations of throttlesonly control and as part of NASA's Propulsion Controlled Aircraft investigation, in which pilots attempted landings in simulation after all flight control surfaces were disabled and only the throttles could be used to steer. 6, 18, 19 To collect data for use in a risk estimator, pilots might attempt simulated landings with various settings for flying qualities parameters, such as dutch roll frequency and damping, and observe the frequency of survivable landings. This would give more relevant data on which to base a risk estimator. It would also suggest a shape for the interpolation between the safe and unsafe regions of the flying qualities parameter space that might be quite different from our simple linear interpolation.
One difficult issue is that situational risk depends on many factors. For example, the risk from degraded flying qualities varies a great deal depending on the level of turbulence the plane experiences. In calm air, the aircraft may remain controllable even if stability parameters are severely degraded, because the oscillatory modes, though weakly damped, will not be excited. Other important factors include the experience of the pilots and the availability of automatic aids like instrument landing systems.
A full risk management system will require sophisticated integration of many kinds of data. It might also need to interact with the crew in order to incorporate human judgments into the assessment of risk. For example, an experienced pilot may be more confident in his ability to land the plane in turbulence. To a significant extent, then, the risk management system should be under pilot control. However, in situations where dangerous flying qualities could be improved with minimal engine risk, the system could automatically modify them without explicit pilot action; this would clearly require a highly reliable and intelligent risk estimation system.
Situational risk assessment depends upon having an accurate and reliable model of the aircraft dynamics as they depend on engine capabilities. For simplicity, we have investigated only a rudimentary model of tail damage that disables the rudder. A full risk management system will require more general dynamics and risk models. Possibly, a sophisticated fault detection and diagnosis system would be able to assess damage to the plane and feed into an adaptive flight dynamics model that would be able to assess the risk of landing the damaged plane as a function of the capabilities of the engine.
Conclusions
The proposed risk management architecture is a simple and general way of automatically managing risk for engine enhancement in an emergency. The complexity and intelligence of the system reside in the proposed risk estimators for engine and situational risk, which require detailed knowledge about the aircraft and its dynamics as well as important situational influences and how these affect risk. The proposed situational risk estimators for the two emergency conditions discussed suggest possible ways of implementing this intelligence. However, the situational risk functions themselves are very difficult to formulate and validate because each event is unique and the probability of any such event occurring is extremely small. It was proposed that simulation studies could be used to quantify risk for particular scenarios, but even that approach limits the validity to the cases evaluated. Additionally, the level of uncertainty in the pilot's awareness of the situation, variation in pilot skill, and weather conditions, among other things, make the situational risk extremely hard to quantify. Other uncertainties such as aircraft weight, sensor measurement error, and thrust variations, can be modeled more easily, but determining realistic values may be a challenge. Finally, while the engine will have a predictable safe operating life under normal use, enhanced operation will increase risk of failure, creating uncertainty that may be difficult to validate. Building successful risk management systems will require dedicated studies to gather important data for use in risk models.
